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Tungsten and its alloys have been extensively studied to be used as materials for plasma facing com-
ponents (PFCs) in future nuclear fusion reactors. Under fusion operating conditions, the surface of PFCs
will experience high heat ﬂux exposure which will affect some microstructural features of the material.
In the present work, the effect of annealing temperature on microstructure, texture and mechanical
behavior of ITER-speciﬁcation commercial pure tungsten was investigated by combining Electron
Backscatter Diffraction (EBSD), Vickers micro-hardness and nano-indentation techniques. The samples
were analyzed in the as-received and in the annealed conditions. Annealing was done for 1 h at three
different temperatures: 1300 C, 1500 C and 1800 C. Three stages in microstructural evolution were
observed: recovery at 1300 C, recrystallization at 1500 C and grain growth at 1800 C. As the annealing
temperature increases and recrystallization takes place, a-ﬁber texture components are strengthened.
Simultaneously, a reduction in both Vickers and nano-indentation hardness is found.
© 2019 Elsevier B.V. All rights reserved.1. Introduction
Nuclear fusion is believed to have important potential with
respect to electricity production within the world energy matrix in
the next centuries. Besides the fact that it does not generate
greenhouse gases, which is a main concern of the world's major
source of energy, i.e. combustion of fossil fuels, nuclear fusion is
intrinsically safe, more reliable and does not impose the risks of
nuclear proliferation in comparisonwith “traditional” ﬁssion based
technology [1]. In order to achieve sustainable and controlledTextiles and Chemical Engi-
6, B-9052, Ghent, Belgium.
ure), kim.verbeken@ugent.benuclear fusion reaction, the plasma state, which demands several
millions of degrees Kelvin, needs to be reached. One of the pro-
posed designs for this kind of reactor comprises of a toroidal shaped
chamber and is called TOKAMAK (abbreviate from Russian lan-
guage). In this device, the plasma/reaction is kept in a vessel by
magnetic conﬁnement and cannot touch the walls. In case it might
happen anyway, the contact has to be as short as possible [2]. The
most ambitious tokamak device and themainstream nuclear fusion
prototype, the International Thermonuclear Experimental Reactor
(ITER), is under construction in southern France to deploy the ﬁrst
plasma discharge by 2025.
Tungsten and its alloys have been extensively studied in the last
years [3e7] to be used as plasma facing materials in future nuclear
fusion reactors due to their superior properties and behavior under
relevant fusion loading conditions such as: high melting
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tion [10,11], low erosion rate, low sputtering yield [12] and signif-
icant neutron irradiation resistance [13]. A full tungsten divertor is
proposed for ITER and it is also a promising structural candidate
material for the Demonstration Power Plant Reactor (DEMO)
[14,15]. Despite these promising characteristics, several efforts are
needed and have been made to clarify and understand the issues
related to tungsten-plasma interactions [16e18], especially during
transient heat loads [19e21] where the conditions are severe and
will largely determine the lifetime of plasma facing components.
Indeed, strong overheating of the surface of PFCs will cause dy-
namic recrystallization and grain growth resulting in the cracking.
Which is why understanding of the evolution of the microstructure
depending on ambient temperature is very important for the
plasma-facing materials.
Electron Backscatter Diffraction (EBSD) analysis provides very
relevant data in this context while it is also known that crystallo-
graphic orientation affects some surface related damaging charac-
teristics caused by plasma exposure [22e24]. Nano-indentation has
also proven to be a powerful tool to characterize via a mechanical
approach the effect of plasma exposure on a tungsten surface
[25,26]. Since fusion operational conditions will result in high
temperature thermal fatigue on the surface of PFCs it is important
to extensively characterize unexposed samples and clarify the role
played by annealing on the evolution of texture, microstructure and
hardness. In the present work, results on the effect of isothermal
annealing are presented and discussed using a set of complemen-




The materials were provided by Plansee SE (Reutte e Austria) in
a bar, with square cross-section of 36 36 mm2, produced by
hammering polycrystalline tungsten ITER-speciﬁcation on both
sides (speciﬁed purity of 99.97wt%. Residual impurities are listed in
Table 1). After forging, the bar was annealed for stress relief pur-
poses at 1000 C for 1 h. The analyzed samples are: IG1000 (as-
received), IG1300 (annealed at 1300 C for 1 h), IG1500 (annealed at
1500 C for 1 h) and IG1800 (annealed at 1800 C for 1 h).
2.2. Material characterization
For the EBSD, Vickers micro-hardness and nano-indentation,
samples with dimensions 10 10 1mm3 were taken from the
longitudinal section and analyzed in the middle of the bar thick-
ness. The standard metallographic preparation procedures con-
sisting of grinding and polishing were carried out until polishing
with 1 mm diamond suspension.
The last preparation step for EBSD analysis was electro-
polishing with 2wt% NaOH solution as electrolyte for 12 s at 15 V.
EBSD scans were made using a Field Emission Gun Quanta-450 FEI
Scanning Electron Microscope with 20 kV acceleration voltage and
step sizes that varied from 0.1 to 2.0 mmdepending on the conditionTable 1
Impurity content of the tungsten grade.
Impurities Ag Ba C Fe Mn Ni Ti
mg/g 10 5 10 30 5 5 5
Impurities Na Pb Zn H As Cd
mg/g 10 5 5 5 5 5and the analyzed area. Post-processing image analysis were per-
formed with the aid of OIM® Analysis software from EDAX in ﬁelds
of 64 64 and 512 512 mm2, for IG1000 and IG1300, and
1000 1000 and 2000 2000 mm2 for IG1500 and IG1800. Points
with Conﬁdence Index (CI) lower than 0.1 were removed and the
Neighbor CI Correlation cleanup was applied. For texture calcula-
tions the data collected from the biggest area of each conditionwas
used. Regarding Kernel Average Misorientation (KAM) calculations,
for an appropriate comparison, the 10th neighbors were taking into
account for conditions IG1000 and IG1300 (0.1 mm step-size)
whereas conditions IG1500 and IG1800 considered the 1st
neighbor (1.2 mm step-size).
With respect to Vickers micro-hardness and nano-indentation
tests, the last preparation step consisted of 1min long electro-
chemical polishing with a solution of 0.15wt % NaOH and a voltage
setting of 30 V. Micro-hardness measurements were performed
with Struers DuraScan 50 Vickers hardness tester machine
controlled via external PC, using ecos Workﬂow software for
automated measurements and calculations whereas, for nano-
indentation, the nano-indenter Agilent G200 was used to mea-
sure hardness and Young's modulus. The samples were indented up
to a penetration of 1.5 mm (where the bulk hardness was taken)
with a strain rate of 0.05 s1 in the continuous stiffness mode (CSM)
with the standard XP head equipped with Berkovich diamond tip.
At least 25 indents spaced by 60 mm have been performed on each
specimen.
3. Results and discussion
3.1. Electron Backscatter Diffraction
Fig. 1 shows Inverse Pole Figure (IPF) and Image Quality (IQ)
maps of the samples after the different annealing steps. Samples
annealed at 1000 C and 1300 C still show clear features of a
deformed microstructure, while those annealed at 1500 C and
1800 C are recrystallized.
Fig. 1 (a) and (c) display the microstructure of the IG1000 and
IG1300, respectively. Considering a grain tolerance of 15 where
only regions surrounded by high-angle grain boundaries are
considered as grains [27], in both materials, 80% of the grains range
from 5 to 24 mm in length and from 2 to 9 mm in width. For IG1000
these mean - values are 7.8 mm and 5.6 mm while for IG1300 these
values are 7.7 mm and 6.0 mm. These measurements were made
using the linear intercept method in horizontal and vertical di-
rections. The elongated grains lying parallel to the BA direction are
characteristic frommaterials heavily deformed by cold deformation
processes and are related to the storage of strain energy due to
deformation which yields all property changes that are typical for
deformed metals such as higher values of yield stress and hardness
[28]. Fig. 1 (b) and (g) show detailed IPF maps of the conditions
IG1000 and IG1300, respectively, above their respective IQ maps,
Fig. 1 (e) and (j), for better appreciation of the characteristics
aforementioned.
Predominance of grains with directions <101>//BA (green color)
is present for both IG1000 and IG1300, cf. Fig. 1 (a) and (c),
respectively. For the samples IG1500 and IG1800, Fig. 1 (h) and (i),Mo Co O Si Al Ca Cr K
100 30 20 20 15 5 20 10
Cu Mg Nb Ta Zr N S
10 5 10 20 5 5 5
Fig. 1. IPF maps (a-c and g-i) and IQ maps (d-f and j-l) of the IG samples: (a, b, d, e) IG1000, (c, f, g, j) IG1300, (h, k) IG1500 and (iel) IG1800. For IPF maps color code with respect to
the bar axis. For IQ maps colors of grain boundaries stand for (red) 5e15 and (blue) > 15 . BA: Bar Axis. ND: Normal Direction. Below each IPF map there is the IQ map of the same
area. (For interpretation of the references to color in this ﬁgure legend, the reader is referred to the Web version of this article.)
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and the deformed matrix was replaced by larger and more equi-
axed grains than the ones observed in the previous conditions. The
color predominance is a clear indication of the preferential pres-
ence of speciﬁc crystallographic orientations. The main cause of
texture development is ascribed to plastic deformation where
several grains are submitted to the same external stresses, but only
the ones with favorable orientations, determined by the higher
Schmid Factor will have their slip-systems activated. However, the
neighboring grains (with lower Schmid Factor) will impose re-
strictions to the deformation compatibility and coherency at the
grain boundaries requiring their rotation and also generating dis-
locations to accommodate larger orientation differences. These
grain rotations are the main cause of deformation heterogeneities,
which generate deformation gradients and, therefore, storedenergy gradients within and between grains affecting the recovery
and recrystallization phenomena during annealing [28,29].
For size and shape comparison, the IQ maps, Fig. 1 (d-f and j-l)
are more suitable and show the sub-grains that are present within
the elongated grains of IG1000 and IG1300, Fig. 1 (e) and (j),
respectively. According to Humphreys [27], a reasonable deﬁnition
of sub-grain might be “a region bounded by at least one low-angle
boundary”. Therefore, due to the angular resolution limit in EBSD
(which typically is between 0.5 and 2) misorientation angles lower
than 2 were considered as part of the same sub-grain and used to
deﬁne a sub-grain size distribution, as can be seen in Fig. 2.
The mean values of the sub-grain size are 3.7 and 4.1 mm for
conditions IG1000 and IG1300, respectively, while the average
grain size for conditions IG1500 and IG1800 are 26.4 and 36.2 mm,
respectively. These values are the equivalent diameter of the grains
Fig. 2. Grain size distribution of the ITER-speciﬁcation samples annealed at different
temperatures.
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should be used for comparison, especially for the samples IG1000
and IG1300, since their sub-grains are slightly elongated with
length ranging from 0.8 to 2.3 mm and 2.6e6.9 mm and width
ranging from 1.1 to 2.3 mm and 1.1e3.0 mm for IG1000 and IG1300,
respectively. Small differences between IG1300 and IG1000 can be
ascribed to the recovery phenomena, sub-grain rotation and sub-
grain coalescence, which occur prior to recrystallization and
involve microstructural changes on a small scale such as cell for-
mation, annihilation of dislocations within cells, sub-grain forma-
tion and sub-grain growth [28].
For annealing temperatures up to 1300 C, it seems that
recrystallization did not take place, since the IPF and IQmaps do not
show clear evidence of the formation of new strain-free grains and
Fig. 2 only shows a slight increase in the sub-grain size (distribution
curve is slightly shifted to the right) when samples annealed at
1000 C and 1300 C are compared. Clear differences are observed
at higher annealing temperatures. At 1500 C, equiaxed grains are
formed and a clear increase in IQ-factor is observed (Fig. 1 h and k),
which suggest a fully recrystallized microstructure. Finally, at
1800 C, some grain growth takes place because the shape of the
grains is similar to the IG1500 specimen yet the grain size distri-
bution indicates a slightly larger size, as also visible in Fig. 2.
In order to evaluate the misorientation angle between grains
and the stored energy in the matrix, a distribution of both the
Kernel Average Misorientation (KAM) and minimal misorientation
angle are shown in Fig. 3.
The KAM is a parameter that measures and compares an average
misorientation value, pixel-to-pixel, between a point at the center
of the kernel and all points at the perimeter of the kernel and is
often used to qualitatively characterize stored energy derived from
the point defects and dislocations generated during deformation.
This energy will be the driving force for recrystallization [30]. The
higher the Kernel Average Misorientation, the more energy is
stored. According to Fig. 3 (a), the samples annealed at 1500 C and
1800 C display a very similar behavior with more than 90% of KAM
distribution belonging to the range lower than 1. On the other
hand, samples IG1000 and IG1300 only show fractions of 50% and
70%, respectively, in the same range.
Fig. 3 (b) shows the misorientation angle distributions
compared to the Mackenzie Distribution, which is the perfectly
random distribution [31]. A predominance of misorientation angles
lower than 20 can be seen for both IG1000 and IG1300 while theother conditions display a more random distribution, but none of
them follow the exact Mackenzie distribution. This conﬁrms the
preferential grain color showed in Fig. 1(aec) and (g-i), demon-
strating a preferential crystallographic orientation, which can be
better investigated using the traditional Pole Figures (PFs) and
Orientation Distribution Functions (ODFs), as shown in Figs. 4 and
5, respectively.
The predominance of the green color in the IPF map of the
sample IG1300, cf. Fig. 1 (c), is in accordance with the Pole
Figure (PF) that shows directions <110>//BA with the highest in-
tensity (3.2 times random), Fig. 4 (b), among all analyzed 011 PFs.
The as-received condition (IG1000), Fig. 4 (a), shows <110>
components (2.0e2.8 times random) around 50e70 with respect
to the bar axis while <100> and <111> tend to align at 45 between
the two Normal Directions. This is expected because the bar has a
square cross-section and was hammered on both sides (during
compression the slip directions tend to rotate away from the
compression axis [32]). This combination of 50e70 rotation
around <110> and alignment of <111> between the two NDs tends
to increase the value of the Schmid Factor if one considers {110}
<111> as active slip systems of body-centered cubic (bcc) crystal
structures. The maximum value occurs when the load axis is
aligned at 45 with respect to both the slip plane and the slip di-
rection. This way, a minimal stress value for the material to reach
the critical resolved shear stress is required [33]. However, the lack
of a truly close-packed plane in bcc crystals implies also other slip
planes are possible, certainly at the high temperatures during
which hammering is performed.
A better quantitative analysis is possible with the aid of ODFs,
displayed in Fig. 5.
After the annealing heat treatment, the intensities in the ODFs
were, practically, restricted to three components: the a-ﬁber
(<110>//BA); a ﬁber that connects the points (90, 90, 45) to
(180, 0, 45), referred here as W-ﬁber, and a component at (180,
90, 45), represented as (41, F, 42). With increasing annealing
temperature, the intensity of a-ﬁber also increased and was
concentrated at F¼ 55, i.e. close to the (111)[110] component,
with the maximum reached at 1800 C (13.9 times random). The
W-ﬁber intensity tends to increase as well during annealing,
reaching its maximum also at 1800 C (14.0 times random) close to
the component (111)[101] or (120, 55, 45) e which belongs to
the a-ﬁber family components {111}<110>. The strong component
at (180, 90, 45) is present only in the as-received condition and
was considerably reduced during annealing.
A closer look at Fig. 6 allows to quantify the aforementioned
texture components related to a-ﬁber. As the annealing tempera-
ture increases there is a trend of shifting the peak of a-ﬁber com-
ponents towards toF¼ 55 as well as making the distributionmore
heterogeneous. Intensity ranges from 1 to 6 in the as-received
condition and from 0 to 14 for IG1800.
According to a study carried out by Xia et al. [34] on heavily
deformed and annealed tungsten sheets, the annealing texture will
be similar to the deformation texture, but with lower intensity. This
behavior was ascribed to a recrystallization mechanism, consisting
of sub-grain rotation and coalescence. In the present study, another
type of texture evolution was observed. The observed differences
could be related to different annealing kinetics or are, more likely,
surface energy related. Surface energy can govern texture forma-
tion and evolution in thin sheets, as observed by Gomes et al. [35] in
ultra-low carbon steels. However, the observed surface texture is
not representative for the bulk [28], while in thin foils, surface ef-
fects dominate the entire texture. In thin foils, the open surface can
also attract dislocations by the so-called image forces [36] which
can alter misorientation angles at low angle grain boundaries
(LAGBs). Tungsten foils that were hot rolled, cold rolled and then
Fig. 3. (a) Kernel Average Misorientation (KAM) and (b) Misorientation Angle distributions of tungsten samples.
Fig. 4. Pole Figures of the samples (a) IG1000, (b) IG1300, (c) IG1500 and (d) IG1800, respectively. Levels: 1-2-4-6-8-11 times random.
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showed a strengthening of the deformed texture as well, more
closely related to our observations.
A distribution of Grain Boundary Character and Coincidence Site
Lattices (CSL) is given in Fig. 7 (a) and (b). All phenomena that
happen during the annealing (recovery, recrystallization and grain
growth) lead to a progressive reduction of LAGBs fraction and a
subsequent increase in High-Angle Grain Boundaries (HAGBs) as a
result of the release of the stored energy from previous deforma-
tion [28].
The number fractions of CSL boundaries (S3-S29) were deter-
mined following Brandon's criterion from a maximum permissible
deviation given by an equation of the form Dq¼ q0(S)n where
q¼ 15 and n¼ 0.5 [38]. It is known that, for some materials, these
“special” boundaries play an important role in intergranular
corrosion resistance and crack propagation [39]. An increase in CSLboundaries is observed for higher annealing temperatures. Fig. 6 (b)
shows that despite strong texture components were observed at all
temperatures, the CSL boundaries distributions follow a distribu-
tion for a random polycrystalline material [40].3.2. Vickers Micro-hardness
The Vickers hardness was measured in range of 0.025e2 kg load
force with a holding time of 5 s and the results are plotted in Fig. 8.
Each point reported is the average value of ﬁve measurements. The
hardness was measured using different load weights to demon-
strate the sensitivity of the technique to the presence of disloca-
tions and sub-grains. These aspects and the effect of small indenter
penetration are better investigated using nano-indentation tech-
nique, which will be discussed in the next section. The results show
very good agreement with the trend earlier noticed by Reiser et al.
Fig. 5. Orientation Distribution Functions of the ITER-speciﬁcation tungsten samples: (a) IG1000, (b) IG1300, (c) IG1500 and (d) IG1800. 41 ranges from 0 to 180 , F ranges from 0 to
90; 42¼ 45-sections are given. Levels: 1-2-4-6-8-11-16 times random.
Fig. 6. a-ﬁber intensities distributions as function of the Euler angle F.
Fig. 8. Hardness evolution for different loads of Vickers Micro-hardness as a function
of the annealing temperature.
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temperature from 1300 to 1500 C was noticed. Here, we demon-
strate that this strong drop occurs irrespective of the choice of the
indenter weight. For the smallest load (i.e. HV 0.025 and 0.1) theFig. 7. (a) Grain Boundary Character Distribution (GBCD) and (b) Coincidence Site Lreduction of the hardness due to the annealing at 1300 C can be
associated with the decrease of the dislocation density. The
reduction of the hardness in the temperature range of
1000e1300 C was studied by Alfonso et al. [41] where the two-
step reduction of the hardness from 425 HV10 to 360 HV10 wasattice (CSL) Boundaries distribution of the ITER-speciﬁcation tungsten samples.
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1150 C. The two-step behavior was attributed to the recovery
(minor reduction of hardness) and recrystallization (major reduc-
tion of the hardness). The previous analysis of the average sub-
grain size and KAM distributions, Figs. 2 and 3a, respectively,
pointed out on the onset of recovery at 1300 C and recrystalliza-
tion at 1500 C. In this case the annealing time was only 1 h, which
is why the only minor change of the hardness at 1300 C was
observed.3.3. Nano-indentation
The data obtained from nano-indentation are summarized in
Fig. 9. Fig. 9 (a) shows the hardness as a function of the indenter
depth. At a depth of 1.5 mm, the bulk hardness was taken as refer-
ence value (H0) and were used to normalize the results and plot the
Nix-Gao proﬁle. The shape of the curves are typical for this kind of
test because in the very beginning, as the indenter is forced into the
surface layer, Geometrically-Necessary Dislocations (GNDs),
appearing in strain gradient ﬁelds due to geometrical crystal lattice
constraints, are required to account for the permanent plastic
deformation, therefore, increasing the hardness. As the indenter
goes deeper, Statistically-Stored Dislocations (SSDs), which origi-
nate from random trapping processes during plastic deformation,
start to dominate the hardening mechanisms. The length that
characterizes the depth dependence of the hardness is given by h*
and is shown in Fig. 9 (b) [26,42,43]. This model was described in
detail by Nix and Gao [42]. One can notice that, when increasing the
annealing temperature, the bulk hardness tends to decrease, as
already showed by the Vickers micro-hardness test. This behavior is
expected since it is a result of the rearrangement of dislocations
during annealing [28].
In Fig. 9 (a), IG1500 and IG1800 present values very close to each
other, which, together with the EBSD analysis already discussed,Figure 9. (a) Hardness as a function of indenter depth, (b) reduced squared hardness vs 1/h
the indenter depth. Data by which these average values were determined are added as supsupports the conclusion that at 1500 C a fully recrystallized
microstructure is obtained. On the other hand, comparing IG1000
and IG1300, although no recrystallization was observed a slight
reduction in the bulk hardness points out on the occurrence of
recovery upon annealing at 1300 C. These results are in line with
the trends observed from the Vickers micro-hardness test
measurements.
Fig. 9 (b) shows the reduced squared hardness vs 1/h. One can
see that each curve exhibits two linear regions which are separated
from each other by an inﬂection point h* (determined by the
intersection of these two lines). According to Nix and Gao [42] a




, prevails up to a
certain indentation depth h*, where H0 is the “bulk” or saturated
hardness (here taken at a depth of 1.5 mm) and H is the hardness for
a given depth of indentation, h. h* is the indentation depth which
represents a change in the mechanisms that dominates the
indenter penetration, which are, as discussed above, GNDs below
h* and SSDs above. The inﬂection points vary in an approximate
range of 2.5e3.5 mm1, hence, in the range of 321e404 nm the
indenter penetration starts to be dominated by “natural” micro-
structural defects (SSDs) and not by GNDs anymore. As the
annealing temperature increases, the characteristic depth, h*, is
reduced, as can be seen in Fig. 9 (b). Since recrystallized materials
have lower dislocation densities, as the indenter goes deeper in the
surface, the permanent shape change will be accommodated by
SSDs making the characteristic depth, h*, smaller. On the other
hand, deformed materials present more SSDs, originating from the
fabrication process, which will make it necessary for more GNDs to
account for the plastic deformation. In this way, GNDs will domi-
nate the indenter penetrationmechanism for a larger range into the
surface.
Fig. 9 (c) shows the dependence of the bulk hardness on the
grain size. Fig. 9 (d) displays a hardness-to-reduced modulus ratio,
H/Er2, as a function of the indenter penetration. According to Joslin, (c) hardness vs grain size and (d) hardness-to-reduced-modulus-ratio as a function of
plementary data in Fig. S1.
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contact area and characterizes the resistance of the material to
plastic deformation or, in other words, it represents the resistance
of the material to the introduction of new GNDs and their propa-
gation towards the bulk [26]. As can be seen, there is almost no
difference between the annealed conditions and the as-received
material, therefore, the annealing temperature does not affect the
introduction of new GNDs into the material.
4. Summary and conclusions
The effect of the annealing temperature on microstructure,
texture and mechanical behavior of ITER-speciﬁcation tungsten
was investigated by EBSD, Vickers micro-hardness and nano-
indentation for the as-received materials annealed for 1 h at
1300 C,1500 C and 1800 C, respectively. Microstructural analysis,
conﬁrmed by the several techniques, demonstrated that recovery
occurs at 1300 C, recrystallization between 1300 and 1500 C and
grain growth above 1500 C.
EBSD analysis indicated that, with increasing annealing tem-
perature, i.e. during recrystallization, there is a strengthening in
some texture components, more speciﬁcally on the a-ﬁber and W-
ﬁber. When correlating the observed texture with the potential
resistance to blister formation, it became clear that the recovered
state would be the most suitable one as it resulted in a texture
containing the least blister sensitive orientations.
Intensity along the q-ﬁber, <100>//ND, is very low with mainly
for IG1300 some indications are visible. These orientations are
mentioned to play an important role in improving blister formation
resistance during plasma exposure if one considers the design of
ITER divertor monoblocks with the ND surface being used as
plasma facing component. It is indeed mentioned in literature that
<100>//ND directions, in case the plasma ﬂow is perpendicular to
the sample surface, are the most resistant to blister formation,
while <111>//ND directions are in this case the most prone ones to
blister formation [22e24]. Therefore, if the plasma is perpendicular
to the surface, q-ﬁber components would represent the preferred
texture component for PFCs. However, the orientations near to q-
ﬁber have a low Taylor Factor, and, therefore, are not likely to
nucleate during recrystallization.
On the other hand, g-ﬁber components, <111>//ND, such as
{111}<110> that also belongs to a andW-ﬁbers, are associated with
higher Taylor Factor and higher stored energy. Consequently, they
act as a preferred nucleation site [45]. However, since the increase
in the annealing temperature strengthens this {111}<110>
component as the microstructure develops up to complete
recrystallization, these surfaces are more sensitive to blister for-
mation. This behavior supports the assumption that was pointed
out in a previous work [46]. A good alternative is to use a sample
that only underwent recovery, such as the IG1300, where the
<110>//BA is most prominent without considerable intensity along
the g-ﬁber. Once part of the stored energy was released due to
recovery, less energy will be available to act as the driving force for
recrystallization. Consequently, recrystallization and the inherent
formation of grains, which are more prone to blister formation, is
avoided. This dependence between crystallographic orientation
and blister formation is also affected by the surface ﬁnish and
hydrogen absorption and diffusion [47,48]. The effect of annealing
temperature is an indication of the potentially important role
played by texture of PFC materials.
Nano-indentation showed that with increasing annealing tem-
perature there is a reduction in the hardness which is also consis-
tent with the reduction of the Vickers hardness value. At this, the
strong reduction of the hardness is observed after annealing above
1300 C by both techniques.Acknowledgements
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